INTRODUCTION
In recent years we have studied the regulation of glucose metabolism in Saccharomyces cerevisiae and related yeasts (for a review see Kappeli, 1986) , The aim has been to explain particular features occurring during growth of these yeasts with glucose as the carbon source. The most puzzling property has been aerobic ethanol formation in batch cultures and at ,high dilution rates in continuous cultures. Further, the expression of several enzymes (gluconeogenic, tricarboxylic acid cycle and glyoxylic acid shunt enzymes) is repressed under conditions of aerobic ethanol formation (Gancedo et al., 1965; Witt et a/., 1966; Gancedo & Schwerzmann, 1976; Polakis et al., 1965 ; Barnett & Kornberg, 1960) . Also concentrations of mitochondria1 cytochromes are lower (Petrik et a/., 1983) . Since in batch culture experiments the repression of enzyme expression is related to the presence of glucose, the underlying mechanism is referred to as glucose catabolite repression (Magasanik, 1961) .
Experiments to investigate regulation, involving continuous culture, dilution rate shift and pulsing (additional glucose or non-carbohydrate carbon source) have indicated two levels of regulation (Petrik et al., 1983) . (1) Aerobic ethanol formation is primarily based on limited respiratory capacity. Glucose flux into the cells exceeds the oxidative capacity leading to an overflow reaction on the level of pyruvate with ethanol as the end-product of energy metabolism.
(2) Long-term growth of the cells under conditions where ethanol is released, resulting in reduction of enzyme activities. 
M . A R R E G U I N D E L O R E N C E Z AND 0. K A P P E L I
Data gathered from experiments in which substrates other than carbon were limited (Kappeli et al., 19856) have indicated that the underlying regulatory mechanism is not solely glucose repression but rather a more general effect of reductive metabolism. By analogy with recent research on respiration-impaired Escherichia coli (Hertz & Bar-Tana, 1986 ) reductive repression explains the phenotype of the cells with exhausted respiratory capacity. Glucose catabolite repression may be considered as a specific mode of reductive repression.
To understand more details of cellular regulation we have also studied enzyme expression during the division cycle of cells oxidatively assimilating glucose (Kappeli et al., 1985 a) . Mitochondria1 cytochrome contents did not change during the cell cycle. Malate dehydrogenase (MDH), an enzyme that takes part in metabolic pathways besides gluconeogenesis but is strongly induced by ethanol, phosphoenolpyruvate carboxykinase (PEPCK) and fructose 1,6-bisphosphatase (FBPase) activities oscillated, with their activities increasing during the budding phase. It was assumed that ethanol, which is produced at the beginning of the division cycle (at a concentration of approximately 200 mg 1-l in a synchronous culture with 30 g glucose 1-l as carbon source), acts as an inducer for gluconeogenic enzymes. The immediate effect on expression can be explained by the active biosynthetic state the cells are in at the time ethanol is produced.
To elucidate the function of ethanol, its concentration was increased by pulsing additional ethanol to the culture and by changing the carbon source from glucose to ethanol at particular points of the cell cycle. The effect of such manipulations on overall metabolic activity and the activities of MDH, PEPCK and FBPase were determined in order to obtain more information on the role of ethanol as an inducer. Pulse and shift methodology. Absolute ethanol was injected with a sterile syringe through one of the membranecovered sample ports of the bioreactor to a final concentration of 2.3 g I-'. During experiments samples were collected at 15 min intervals. Substrate shifts were effected without interrupting the continuous feed by using two different supply vessels, either of which could be connected to the feeding pump. One vessel contained medium with 3% (w/v) glucose as the carbon source; the other contained the same medium with 2.3% (w/v) ethanol as carbon source.
Gas turnover rates. The specific oxygen uptake and carbon dioxide production rates were calculated from the data provided by a gas analyser (Bioengineering AG, Wald, Switzerland) connected to the air outlet of the bioreactor, and were based on an inert gas balance.
Sampling. Samples were withdrawn with a syringe by inserting the needle into the reactor through a membrane. Determination of glucose, biomass and ethanol. For measurement of biomass, 10 ml of culture was centrifuged at 2000 g for 5 min. The sediment was washed twice with distilled water and then dried to constant weight at 105 "C. Glucose was determined in a glucose analyser (YSI, Yellow Springs, Ohio, USA) with a detection limit of 100 mg I-'. Ethanol was determined enzymically using a test kit from Boehringer.
Preparation of cell-free extracts. Cells (3-5 g wet wt) collected from the bioreactor were centrifuged and washed with 50 mwpotassium phosphate buffer, pH 7.2. The sediment was resuspended in the same buffer together with 25 ml glass beads (0-25-0.5 mm diameter). The suspension was ground twice for 30 s using a handmixer equipped with a notched disk. The extract was filtered through a glass frit G2 in order to separate the beads. The crude extract was obtained after centrifugation at l5OOOg at 4 "C for 10 min. . This led to a prolongation of the period of mixed substrate utilization as compared to the undisturbed synchronous culture. (c) Response of gas turnover rates to a substrate shift from glucose to ethanol during the cell cycle (arrow). Ethanol was assimilated immediately after the shift but at a lower rate compared to the steady state which was reached 4 h after the shift. 
RESULTS
Synchronously growing cells of S. cerevisiae exhibited a characteristic and reproducible pattern of gas exchange rates (Fig. l a ; Meyer et al., 1985) . A distinctive feature was a short period when ethanol was released at the beginning of the cell cycle, which corresponded to a rate of carbon dioxide production that exceeded the rate of oxygen uptake (respiratory quotient > 1). Subsequently, the ethanol was used by the cells.
The activities of MDH, PEPCK and FBPase oscillated during the division cycle, presumably due to induction by ethanol. Therefore, the effect of ethanol was further studied by ethanol pulse and substrate shift experiments. 
Efect of ethanol on overall metabolism
When additional ethanol was pulsed to the culture (arrow in Fig. 1 b) , an extension of the period of ethanol assimilation was inferred from the course of the gas exchange rates. The values for the respiratory quotient were significantly below unity, indicating concomitant utilization of glucose and ethanol by the cells. When ethanol was exhausted the rates of oxygen uptake and carbon dioxide production dropped to low levels characteristic of cells in the resting phase of the cell cycle.
Rates of oxygen uptake and carbon dioxide production after ethanol pulse and substrate shift ( Fig. 1 b, c) indicated that cells were able to assimilate ethanol without a lag phase. However, gas turnover rates were lower than those corresponding to steady state conditions on ethanol. The latter were approached approximately 4 h after the shift. The respiratory quotient also dropped to values typical of ethanol-assimilating cells (about 0.5) immediately after the substrate change.
The dilution rate of 0.15 h-l selected for the experiments is relatively high for ethanol as substrate (D,,, approximately 0-17 h-l). After a steady state was reached, the residual ethanol concentration was 2 g 1-l and the rate of oxygen uptake was close to the reported maximum value of 8 mmol g-l h-l (Rieger et al., 1983) .
Eflect of ethanol on enzyme activities Pulsing ethanol to synchronously growing cells significantly affected the activities of MDH, PEPCK and FBPase. The basic temporal pattern of the activities of these enzymes in a nondisturbed synchronous culture underwent remarkable changes (Fig. 2a, b) . The activities of all three enzymes remained elevated as long as ethanol was present, i.e. for an extended period of time as compared to the situation where no ethanol was pulsed. When the ethanol was depleted, the activities of all three enzymes decreased sharply. This indicates that ethanol was responsible for enzyme induction and maintenance of activity.
When the substrate was changed from glucose to ethanol during the cell cycle, further induction of gluconeogenic enzymes was observed (Fig. 3) . The initial stages of induction remained the same for all enzymes (poorly visible in Fig. 3 for MDH and PEPCK due to the scale). After not less than 4 h growth on ethanol steady state values were reached : these were 16 pmol min-l (mg protein)-l, and 672 and 10 nmol mind' (mg protein)-', for MDH, PEPCK and FBPase respectively.
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DISCUSSION
Enzyme synthesis during the division cycle has been investigated in several yeasts (for a review see Elliot & McLaughlin, 1983 ). An exhaustive study of about 900 proteins identified eight that appear to be synthesized periodically throughout the cell cycle. All other proteins showed exponential synthesis during the cell cycle. It was suggested that periodic synthesis is rare for proteins and that such proteins may play a direct role in the cell division process. The synthesis of MDH, PEPCK and FBPase clearly shows periodic variation (Kappeli et al., 1985~) . The function of these enzymes in the cell division process is related to the metabolism observed during the division cycle.
Von Meyenburg (1 969) related the oscillatory pattern of gas exchange rates during continuous culture of S . cereuisiae to synchronization of the reproduction cycle. Kuenzi & Fiechter (1969) analysed carbohydrate composition and trehalase activity during the budding cycle of this yeast. Reserve carbohydrates (trehalose and glycogen) were accumulated during the single cell phase and rapid degradation of these reserves began with initiation of the division cycle. The latter coincided with the release of ethanol by the cells.
We have shown that aerobic ethanol formation is based on an overflow reaction on the level of pyruvate when the glycolytic flux exceeds the capacity of respiratory pathways (Petrik et al., 1983; Kappeli et al., 1985b) . The data of Kuenzi & Fiechter (1969) indicate that an increased flux during the period of ethanol release is due to the utilization of reserve carbohydrates.
The role of the enzymes investigated can, therefore, be attributed to the utilization of ethanol. The periodic appearance of ethanol is the basis for the periodic synthesis of MDH, PEPCK and FBPase during the division cycle of S . cerevisiae. Ethanol acts as an inducer. Its inducing effect becomes particularly evident at initiation of division due to active biosynthesis by the cells.
The substrate shift from glucose to ethanol (Fig. 3) showed that MDH and PEPCK were not fully induced by ethanol produced during the cell cycle. The increased activity lasted approximately one further doubling time. Together with the sharp drop of activities when ethanol disappeared from the culture (Fig. 2) this suggests that the presence of ethanol is a prerequisite for the observed regulation of enzyme activities. This research was supported by the Swiss National Foundation Grant no. 3.281-0.82.
